Purple non-sulfur bacteria (PNSB), a guild of anoxygenic photomixotrophic organisms, rise 26 interest to capture nutrients from wastewater in mixed-culture bioprocesses. One challenge 27 targets the aggregation of PNSB biomass through gravitational separation from the treated 28 water to facilitate its retention and accumulation, while avoiding the need for membranes. We 29 aimed to produce an enriched, concentrated, well-settling, nutrient-removing PNSB biomass 30 using sequencing batch regimes (SBR) in an anaerobic photobioreactor. The stirred tank was 31 fed with a synthetic influent mimicking loaded municipal wastewater (430-860 mg CODAc LInf -32 1 , COD:N:P ratio of 100:36:4-100:11:2 m/m/m), operated at 30°C and pH 7, and continuously 33 irradiated with infrared (IR) light (>700 nm) at 375 W m -2 . After inoculation with activated 34 sludge at 0.1 g VSS L -1 , PNSB were rapidly enriched in a first batch of 24 h: the genus 35
highlighted the benefits of a PNSB-based SBR process for biomass accumulation and 48 simultaneous nutrient capture at substantial rates, and its underlying microbial ecology. photosynthetic, photoheterotrophic organisms that perform a cyclic photophosphorylation with 78 a facultative anaerobic and hyperversatile metabolism that allows them to grow under ever-79 changing environmental conditions (Imhoff, 2017; van Niel, 1944) . They populate the surface 80 of aquatic environments by accessing and absorbing sunlight energy using carotenoids and 81 bacteriochlorophylls. The spectrum of infrared (IR) electromagnetic wavelengths (800-1200 82 nm) of light provides them with a competitive advantage in a mixed-culture microbial 83 ecosystem. PNSB can switch between photoorganoheterotrophy, photolithoautotrophy, 84 respiratory or fermentative chemoorgano-heterotrophy, respiratory chemolithoautotrophy, and 85 nitrogen fixation (under ammonium limitations), depending on the composition of electron 86 donors and acceptors present in their surrounding (Madigan and Jung, 2009 ). This enables them 87 to thrive on different pools of electron donors, recycle electrons, achieve redox homeostasis, 88
and grow under alternation of light and dark (McEwan, 1994) . PNSB ferment reduced organics 89 into carboxylates in the dark, photoferment them into dihydrogen, or accumulate and condense 90 them as intracellular storage polymers like biopolyesters (e.g., poly-β-hydroxyalkanoates, 91
PHAs) as electron sinks under nutrient limitations (Hustede et al., 1993) . Rediscovering PNSB 92 for ecotechnologies and nutrient capture goes via basic study of their metabolic and selection 93 features from pure to mixed cultures, and eco-design to develop robust, non-axenic, and 94 economically appealing processes (Bryant and Frigaard, 2006) . 95 96 Their photon-capturing and energy-recycling physiology lead PNSB to achieve rapid biomass 97 specific maximum growth rates (μmax) of 1.7 to 5.3 d -1 and high biomass yields (YX/COD) on 98 organic substrates (expressed as chemical oxygen demand, COD) of 0.6 to 1.2 g CODX g -1 99
CODS (Eroglu et al., 1999; Hülsen et al., 2014) . Electron-balance-wise, this highlights that 100 PNSB can involve additional electron sources from the bulk liquid phase for growth above 1 g 101 CODX g -1 CODS. Although primarily known as anoxygenic phototrophs, this may happen under 102 conditions that lead PNSB to harness electrons from water molecules like oxygenic 103 photolithoautotrophs. PNSB can assimilate carbon (C), nitrogen (N), and phosphorus (P) from 104 wastewater at COD:N:P ratio of 100:7:2 m/m/m. with an elemental formula for purple 105 phototrophic biomass given as C1H1.8O0.38N0.18 (degree of reduction of 4.5 mol e -C-mol -1 XPPB) 106 (Puyol et al., 2017a) . A ratio of 100 Stoppani et al., 1954) , underlying the potential of populations of this guild for water 112 6 treatment. As phototrophs, PNSB directly use the photonic energy to activate the electrons 113 delivered from electron donors, therefore, maximizing their biomass yield. In contrast, new-114 generation biological wastewater treatment processes aim to decrease sludge production and 115 handling, by making use of slow-growing and low-yield microorganisms such as 116 polyphosphate-accumulating and anammox bacteria. The use of organisms with a high biomass 117 yield such as PNSB is of definite interest to capture and concentrate carbon, nitrogen and 118 phosphorus nutrient resources out of the wastewater by assimilation into the biomass without 119 need to dissimilate these for energy generation. The produced biomass can be valorized to 120 generate energy through methanization and to produce, e.g., single-cell proteins (i.e., source of 121 microbial proteins), bioplastics via PHAs, and biohydrogen on concentrated streams (Honda et 122 al., 2006; Puyol et al., 2017b) . 123 124 Technically, one important challenge of photobiotechnologies resides in the limitation of 125 photon supply across the reactor bulk (Pulz O., 2001) . Light limitation is often considered a 126 priori as a killing factor for the process performance and economics. Therefore, many PNSB-127 based processes have been operated at concentrations below 1 g VSS L -1 to potentially prevent 128 light limitation. Such low biomass concentration can remain a drawback for the intensification 129 of volumetric conversions in the bioprocess. 130 7 involved continuous upflow system (Driessens et al., 1987) , continuous-flow stirred tank 138 reactor (Alloul et al., 2019) , tubular reactor (Carlozzi et al., 2006) , sequencing batch reactor 139 (SBR) (Chitapornpan et al., 2012; Fradinho et al., 2013) , membrane bioreactor (MBR) (Hülsen 140 et al., 2016) , and membrane sequencing batch reactor (MSBR) (Kaewsuk et al., 2010) . One 141 challenge in the application of PNSB organisms is considered to remain in the solid-liquid (S/L) 142 separation of the biomass from the aqueous stream. Decoupling the hydraulic (HRT) and solid 143 (SRT) retention times is crucial to retain the biomass in the process. The use of membrane 144 filtration has been recommended because PNSB have been hypothesized to primarily grow in 145 suspension for catching photons and to settle slowly (Chitapornpan et al., 2012) . However, 146 membranes are intended to separate biomass from the treated wastewater, but do not foster the 147 formation of a good settling sludge. In the lab, MBRs are typically used to maintain biomass in to an SBR regime, consisting of discharge, idle, feed and settling phases (Figure 1 .B). Different 210 cycle timings and HRT, reaction phase length, and COD loading rates were tested as followed 211 in three operational modes. In SBR1, 24 cycles of 24 h each were applied (i.e., 24 days of 212 experiment), consisting of: biomass settling (3 h) effluent withdrawal (5 min), influent feeding 213 (5 min), and reaction (20.75 h). In SBR2, the total length of the cycles was decreased 3-fold and 214 set at 8 h. The reaction phase was shortened to 4.75 h, while all the other phases were 215 maintained. The reactor was operated over 205 cycles. In SBR3, the cycle composition was 216 maintained as in SBR2, while the COD concentration was doubled from 430 to 860 mg CODAc 217 L -1 in the influent to prevent COD-limitations along the reaction phase. All SBRs were operated 218 at a volume exchange ratio of 50%. The stepwise adaptation of the SBR operations from 1 to 3 219 cycles day -1 resulted in HRTs from 48 h (SBR1) to 16 h (SBR2 and SBR3) and in volumetric 220 organic loading rates (OLRs) of 0.215 (SBR1) to 0.645 (SBR2) and 1.290 (SBR3) kg COD d -1 221 m -3 (Table 1) . The sludge retention time (SRT) was let freely evolve across the SBR operations 222 Dusseldorf, Germany) followed by spectrophotometry (DR3900, Hach, Germany). The COD 248 colorimetric method measured all oxidizable substances (here notably acetate, yeast extract, 249 and EDTA from the trace element solution). As technical control, samples were measured in 250 triplicates and the relative standard deviation was 0.5 -1.9%. 
Computations of microbial conversions and extraction of growth parameters 259
All symbols and equations used to compute microbial conversions and extraction of growth 260 parameters are available in Supplementary material 1. 261
262
In short, the average percentage of removal (ηS, %), total rate of nutrient removal (RS, kg S d -263 1 ), apparent volumetric rate of removal of nutrients (rS, kg S d -1 m -3 ), and apparent growth rate 264 (μ max, d -1 ) were calculated using mass balances over the C-N-P nutrients and biomass at a 265 volumetric exchange ratio (VER) of 50%. Measurements of nutrients were performed at the 266 beginning and end of the batch reaction phases of the SBR. Influent concentrations were back-267 calculated using the VER. The concentrations of nutrients in the effluent were assumed identical 268 as at the end of the reaction phase. 269 270 Basic kinetic and stoichiometric parameters for microbial conversions and growth were 271 assessed from nutrient consumptions and biomass production profiles using Aquasim (Reichert, 272 13 1994). A mathematical model was constructed using mass balances for substrate consumption 273 and biomass production, and fitted to the experimental data. The maximum biomass-specific 274 rate of acetate consumption (q S,max, kg S d -1 kg X), maximum yield of biomass production on 275 substrate (Y X/S,max, kg X kg -1 S ), and maintenance rate on substrate (m S, kg S d -1 kg X) were 276 derived by parameter fit from the Herbert-Pirt relation of substrate allocation for growth and 277 maintenance. The biomass-specific maximum rate of growth (μ max, d -1 ) was computed from the 278 relation between q S,max and YX/S,max, assuming the maintenance rate negligible versus the 279 maximum growth rate during the exponential phase of the batch reaction period. 280 281
Analysis of biomass and microbial community compositions 282

Light microscopy analysis of microbial morphotypes and bioaggregates 283
Microbial morphotypes present in the enrichment were visually observed by phase contrast 284 microscopy (Axioplan 2, Zeiss, Germany). 285 286
Wavelength scan analysis of pigment content in the PNSB-enriched biomass 287
The evolution of the biomass contents in bacteriochlorophyll a (BChl a) and carotenoids in the 288 biomass was used as a proxy for tracking the PNSB enrichment in the mixed liquor. 289
Measurements were performed by wavelength scan over the visible and near-infrared spectrum 290 from 400 to 1000 nm (DR3900, Hach, Germany). A focus was attributed to absorbance peaks 291 between 800-900 nm (BChl a) and 400-600 nm (carotenoids). 292 
A complete removal of acetate was achieved across all SBR operation modes 324
During SBR1, the average percentage of removal of the acetate-based biodegradable COD was 325 96%, with an average volumetric consumption rate of 0.220 ± 0.060 kg COD d -1 m -3 . During 326 SBR2, 96% of the COD was removed as well at a 4-fold higher rate of 0.891 ± 0.235 kg COD 327 d -1 m -3 . The carbon was fully removed over the first hour of the reaction phase, resulting in 328 remaining 3.75 h of substrate limitation. During SBR3, the COD load in the influent was 329 doubled, and as a result, no nutrient limitation occurred during the reaction phase. COD 330 remained highly removed at 91%, with a volumetric removal rate of 1.08 ± 0.32 kg d -1 m -3 . 331 332
A maximum of 85% of ammonium and 74% of phosphate was removed from the inflow 333
The ammonium removal rates increased from 26 ± 13 g N-NH4 + d -1 m -3 in SBR1 to 83.4 ± 35 334 g N d -1 m -3 during SBR2, and 113.3 ± 62 g N d -1 m -3 during SBR3. Average N-removal 335 percentages evolved from 53% to 44% and 77% of the ammonium load across the three SBRs, 336 respectively. Removal rates of orthophosphate increased from 3.0 ± 0.7 g P-PO4 3d -1 m -3 of 337 SBR1 to 10.7 ± 4.5 g P d -1 m -3 in SBR2 and 15.2 ± 4.6 g P d -1 m -3 in SBR3, with average P-338 removal percentages of 57, 45 and 73% per cycle, respectively. Under the non-limiting COD 339 conditions of SBR3, the acetate, ammonium, and orthophosphate were released at median 340 concentrations of 43 (min = 17; 1 st -3 rd quartile = 28-62) mg COD LEff -1 , 10 (2; 8-13) mg N-341 NH4 + LEff -1 , and 2.0 (0.4; 1.7-2.9) mg P-PO4 3-LEff -1 , i.e., close to European discharge criteria. Under the conditions of SBR2 and SBR3 (i.e., 3-times lower HRTs, 3 to 6-times higher OLRs, 373 16 to 30-times higher biomass concentrations, and 5 to 7-times longer SRTs), the biomass 374 consumed acetate at a 3 to 8-fold lower qS,max (1.8-2.2 g CODS d -1 g -1 VSS). The maximum 375 growth rate and yield values could not be extracted from the data collected from the reactions 376 phases at high biomass concentration (low sensitivity of absorbance and VSS measurements to 377 detect changes). More accurate estimates are obtained with batch tests conducted with a diluted 378 concentration of biomass. 379 380 >> Table 3  381 382
SBR operations enhanced the settling ability and accumulation of the PNSB biomass 383
The settling ability of the PNSB biomass increased across enrichment SBR operations, leading 384 to substantial accumulation of biomass in the system from 0.1 (SBR1) to 1.6 (SBR2) to 3.0 385 (SBR3) g VSS L -1 as median values (Figure 2 The fraction of VSS in the TSS remained relatively high with 85% (SBR1) to 93% (SBR2) to 403 80% (SBR3) as median values, i.e., corresponding to a fraction of inorganic suspended solids 404 (ISS) between 7-20%. During SBR3 a period at lower VSS fraction with values below 60% and 405 higher ISS fraction (>40%) was detected between days 97-117, underlying potential 406 accumulation of inorganics, e.g., as intracellular polyphosphate (not measured), during nutrient 407 assimilation in the biomass. Taking into account the P-uptake (average = 9, max = 13 mg P-408 PO4 3cycle -1 ), biomass production of 90 mg VSS cycle -1 (using the measured yield of 0.23±0.02 409 g VSS g -1 CODs) and VSS fraction of 80-90%, the average and maximum P-content of the cell 410 were calculated to 8 and 14% of the cell dry weight which can underlie intracellular storage of 411 polyphosphate to some extent. 412
413
The SRT was let to increase freely, without controlled purge of biomass, as a result of the 414 enhancement of settling properties of the biomass: it rose from 2 d in SBR1 to 7 d in SBR2 and 415 11 d in SBR3 as median values (Figure 2 .D). Strategies can be tested to control the SRT at 416 specific values on the range between, e.g., 3-10 days, depending on nutrient capture and 417 biomass production targets. 418 419 420
Microscopy images displayed an increasing size of compact granular bioaggregates 421
The PNSB enrichment process could be easily be tracked visually with the gradual increase in 422 the purple color intensity in the bioreactor (Figure 3 
Wavelength scans highlighted the enrichment of carotenoid and bacteriochlorophyll 432 pigments in the biomass and a shift in PNSB populations 433
Carotenoids and bacteriochlorophylls, and their increase along the enrichment of the PNSB 434 biomass, were detected by the presence of absorbance peaks at wavelengths between 450-500 435 nm and between 800-900 nm. The wavelength scan data presented in Figure 3 .H are normalized 436 by the biomass concentrations, expressed as absorbance units at 660 nm. Peaks at 800 nm and 437 850 nm were already present at the end of the initial batch phase, and persisted during SBR1. 438
At the end of SBR2, the absorbance peaks shifted to higher wavelengths of 805 nm and 865 439 nm. During SBR3, another peak was detected at 1000 nm that is characteristic for the genus 440
Blastochloris. This suggested a shift in predominant microbial populations harbouring different 441 types of pigments in the PNSB guild across the mixed-culture enrichment process. The settling ability increased along the SBR operation, with a settled biomass fraction raising 526 from 12% (SBR1) to 97% (SBR2-3). Amplicon sequencing revealed that the settled biomass 527 accounted for a 3-fold higher relative abundance of PNSB (80% as sum of Rhodobacter, 528
Rhodopseudomonas, and Blastochloris) than the non-settled biomass (25%) (Figure 4) . 529
Together with the phase-contrast microscopy measurements, this highlighted that PNSB are 530 capable of forming bioaggregates with good settling properties. Such increased settling ability 531 links to a more efficient separation of the PNSB biomass from the treated bulk liquid, thus 532 facilitating the downstream processing to recover and valorize the PNSB biomass rich in 533 nutrients for biorefinery purposes. 534 remove all nutrients by assimilation into the biomass by making use of photonic energy. BNR 543 activated sludges make use of different microbial guilds of nitrifiers, denitrifiers, 544 polyphosphate-and glycogen-accumulating organisms among others to remove all nutrients 545 biologically. In activated sludge or granular sludge SBRs, the different redox conditions should 546 be alternated to this end. Hence, this PNSB SBR process is a very interesting compact 547 alternative to conventional BNR systems, that enables an enhanced removal of all nutrients in 548 a single reaction phase by managing one single predominant microbial guild, thus simplifying 549 considerably the microbial resource management. 550
551
With the PNSB biomass, the SBR process becomes simpler in terms of sequencing operation 552 by feeding, anaerobic reaction, settling, and withdrawal. In practice, a fill/draw phase can be 553 envisioned in function of the settling properties of the PNSB biomass. This can result in a SBR 554 system operated by alternation of fil/draw and reaction phases only. Energy-wise, aeration is 555 not needed in a PNSB process, resulting in possible electricity savings. In the case of sunlight 556 use, electricity savings will be substantial. The tank will have to be equipped with light filters 557 to supply IR light and select for PNSB as predominant phototrophs in the mixed culture. In the 558 case of 'artificial' supply of IR light, e.g., with LEDs, the process economics will have to be 559 balanced with the electrical power needed to provide the irradiance needed to run the process. sludge processes (Tchobanoglous et al., 2003) . It was nonetheless higher compared to aeration 585 reactors, anaerobic ponds, and oxidation ditches (Tchobanoglous et al., 2003) . Further 586 enhancement of the COD loading rate and removal rate will be achieved by decreasing the SBR 587 cycle time. 588
589
The difference in COD:N:P assimilation ratio between SBR1-2 (100:9.2:1.2 m/m/m) and SBR3 590 (100:6.7:0.9) resulted from the doubling of the acetate load in the influent. These COD:N:P 591 assimilation ratios were in the range of ratios of 100:5.1-7.1:0.9-1.8 that have been 592 characterized during growth of purple phototrophic bacteria (Hülsen et al., 2016a; Puyol et al., 593 2017b ). As comparison basis, a COD-N-P assimilation ratio of 100:5:1 is theoretically used for 594 activated sludge (Henze et al., 2000) . 595
596
The oscillating periods of higher ISS content (>40%) in the PNSB biomass during SBR3 can 597 underlie an interesting potential accumulation of inorganics in the biomass, e.g., as intracellular 598 polyphosphate. Similar ISS fractions of 30-40% have been widely detected in biomasses 599 engineered for an enhanced biological phosphorus removal (EBPR) (Weissbrodt et al., 2014a) . 600
It is interesting here to mention that the model polyphosphate-accumulating organism (PAO) 601 "Candidatus Accumulibacter" belongs to the microbially diverse betaproteobacterial family of 602
Rhodocyclaceae (Weissbrodt et al., 2014b) , thus semantically sharing the prefix "Rhodo-" with 603 many of PNSB genera. "Ca. Accumulibacter" is taxonomically close to the genus Rhodocyclus 604 (Hesselmann et al., 1999) which notably comprises the PNSB species Rhodocyclus purpureus. 605
Although early unsuccessful testing of growth of "Ca. Accumulibacter" under light in the late 606 90's by these authors indicating that "Ca. Accumulibacter" may have lost phototrophic 607 machinery by evolution, it is worth noting that PNSB populations and "Ca. Accumulibacter" 608 can share functional traits for polyphosphate accumulation. PNSB have been shown to store 609 phosphorus to some extent (15% of cell mass) (Liang et al., 2010) . Ecophysiological elucidation 610 of PNSB populations for phosphorus removal is of high scientific and technological interests. 611 Tables   945   946   Table 1 . Operational conditions of the three SBR regimes across the experimental period. SBR1 947 was run with a 24-h cycle composed of 20.75 h of reaction time and with 257 ± 54 mg COD L -948 1 in the bulk liquid phase after feeding. In SBR2, the total cycle length was shortened to 8 h, 949 with a reaction time of 4.75 h. In SBR3, the initial COD concentration was doubled compared 950 to the first two SBRs. All SBRs were run at a volume exchange ratio of 50%. 951
Process parameters
Units SBR1 SBR2 SBR3
SBR cycles
Number 954 Table 2 . Nutrient removal by the PNSB-enriched biomass in SBR1, SBR2, and SBR3 presented 955 as averages and maximal values of removal rates and removal percentages. Residual 956 concentration and removal percentages for COD met with European legislation limits for all 957 SBRs (averages above 90% removal, with residues close to 60 mg COD L -1 ). Ammonium and 958 orthophosphate were removed up to 77% and 73%, respectively, with residual concentrations 959 reaching 11 mg N-NH4 + L -1 and 2 mg P-PO4 3-L -1 . 960 
